Photovoltaic devices that employ lead-halide perovskites as photoactive materials exhibit power conversion efficiencies of 22 %. One of the potential routes to go beyond the current efficiencies is to extract charge carriers that carry excess energy, that is, non-relaxed or 'hot' carriers, before relaxation to the band minima is completed. Lead-halide perovskites have been demonstrated to exhibit hot-carrier relaxation times exceeding 100 picoseconds for both single-and polycrystalline samples. Here, we demonstrate, using a combined time-resolved photoluminescence and transient absorption study supported by basic modelling of the dynamics, that the decay of the high-energy part of the photoluminescence occurs on a timescale (~ 100 ps) very similar to the repopulation of the band minima when excited with a photon energy larger than 2.6 eV. The similarity between the two timescales indicates that the depopulation of hot states occurs without transient trapping of electrons or holes.
INTRODUCTION
Since organic-inorganic lead-halide perovskites were proposed for solar cell applications by Kojima et al. in 2009 , the scientific community has witnessed great progress of both, device performance and fundamental understanding of the photophysical processes following their photoexcitation. [1] [2] [3] [4] [5] [6] [7] However, although perovskite-based solar cells have now exceeded power conversion efficiencies of 21.5 %, some of their fundamental physical properties such as the nature of the band-gap and occurrence of ferroelectricity, are still under debate. [8] [9] [10] [11] [12] [13] [14] Intense research has also been dedicated to study non-relaxed, hot, carriers in CH3NH3PbI3 (MAPbI3). In principle, reducing the losses associated with thermalization of hot carriers could allow the solar cell efficiency to surpass the Shockley-Queisser limit. In fact, if hot carriers could be extracted prior to their relaxation and recombination, then the maximum obtainable power conversion efficiency could theoretically be as high as 44%. 15, 16 For MAPbI3, long-lived (≥ 50 ps) hot carriers have been reported in two pump fluence-dependent regimes: at high (> 10 18 /cm 3 ) charge carrier densities a "hot-phonon bottleneck" was observed that slows down cooling of hot carriers.
The hot-phonon bottleneck originates from charge carrier reheating due to reabsorption of phonons. 17, 18 At lower (≤ 10 17 /cm 3 ) charge carrier densities, high-energy photoluminescence originates from carriers that carry a large excess energy of up to 0.25 eV. This effect has been attributed to carrier screening resulting from the reorientation of the polar cations in the perovskite lattice. 16, 19 Niesner et al. have reported a rise of the integrated signal intensity in timeresolved two-photon photoelectron (2-PPE) spectroscopy for more than 60 ps attributed to photoelectrons close to the conduction band minimum, in conjunction with a simultaneous decay of the intensity of high-energy photoelectrons. Manser and Flender et al. have observed a twocomponent decay of a population of hot carriers at ~2.5 eV using transient absorption spectroscopy. The fast, sub-ps component of this decay was attributed to relaxation of hot holes towards the band-minima. 20 The slow component with a lifetime of ~50 ps was interpreted as slow thermalization of carriers from the M-to the Γ-point in the energy band structure of MAPbI3. [20] [21] [22] [23] [24] [25] [26] [27] Here, we investigate hot carrier dynamics in solution-processed polycrystalline MAPbI3(Cl) perovskite films with lower excess energy (≤ 0.15 eV) by time-resolved photoluminescence (PL) and transient absorption (TA) spectroscopy. We find high-energy photoluminescence in solution-processed MAPbI3(Cl) exhibiting a relaxation rate of 0.16 meV/ps for excess energies exceeding 0.15 eV when excited at 3.1 eV. We infer lifetime of 94 ± 13 ps for the spectrally-integrated fraction of the photoluminescence above energies of 1.7. From TA experiments, the signal of the ground-state bleach (GSB) is observed to peak at 100 ± 5 ps when excited above 2.6 eV. The similarity of the timescales clearly indicates that the hot carrier thermalization occurs without transient trapping of charge carriers.
METHODS
The perovskite samples were prepared in a nitrogen-filled glovebox with an oxygen level of < Transient absorption experiments were carried out with a home-built pump-probe setup. The output of a titanium:sapphire amplifier was used to seed two independent optical parametric amplifiers (Coherent OPerA Solo), of which one was used to generate a pump pulse. The second OPA was used generate a seed pulse for supercontinuum generation, which served as the broadband probe pulse. For supercontinuum generation in the range of 550-1000 nm, a 1300 nm pulse was focused into a 3 mm c-cut sapphire crystal. Time resolution was obtained by delaying the pump pulses on a motorized delay stage between 300 fs and 8 ns with respect to the probe pulse. The transmission spectrum of the probe pulses was measured with a linear silicon photodiode array and successive probe pulses were used to determine the change in transmission induced by the pump pulse. Data collection and analysis were performed with home-built readout electronics and a LabView-based data acquisition and analysis software.
UV/VIS measurements were performed using a Perkin Elmer UV/VIS/NIR spectrometer (Lambda 900) in a 150 mm integrating sphere with a spectral resolution of 1 nm.
Scanning electron microscopy images were measured using a Zeiss LEO Gemini 1530.
RESULTS & DISCUSSION
To investigate the dynamics of hot carriers in MAPbI3(Cl), we studied both the radiative recombination (via PL spectroscopy) and population dynamics of excited states (using TA The broad feature centered at 1.63 eV is commonly assigned to the ground-state bleach (GSB) related to the transition between the valence band (VB) maximum and the conduction band (CB) minimum at the Γ-point in the energy band diagram.
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The derivative-like feature between 1.5 and 1.6 eV at 1 ps, partially overlapping with the GSB, was previously assigned to photoinduced reflectivity changes.
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The high-energy tail above 1.7 eV, which exhibits a sub-ps lifetime, can be associated with a population of hot carriers. 17, 18, 20 Kinetics extracted from the two-dimensional plot are shown in Fig. 1, (B) . The integrated signal (probed at 1.63 ± 0.01 eV) rises within the instrument response time of ~1 ps to an amplitude of 0.03. Furthermore, the signal subsequently increases to a value of 0.034 within 100 ± 5 ps. The dynamics of the GSB after excitation at 2.6 eV show a similar trend. These results indicate that excitation at 3.1 eV and 2.6 eV leads to electrons and holes populating energetically high-lying states far from the VB maximum and CB minimum, as illustrated in Fig. 1(C) . Relaxation from these high-lying states to the Γ-point leads to a rise in the TA signal at 1.63 eV. For excitation at 2.05 eV, the GSB signal does not show a subsequent increase but rather stays constant before the population decays.
In order to quantify the energy-dependent kinetics of the GSB we approximate the kinetics using a simple three-level system, also shown in Fig. 1(C) . The pump excites charge carriers from the ground to the excited states; an electron-hole pair is generated. We implemented the sub-ps 
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In addition to the investigation of the population of excited states, which is accessible by TA spectroscopy, the radiative recombination of charge carriers was measured by time-resolved photoluminescence spectroscopy using the Streak Camera technique. The PL response is dominated by the band-edge emission centered at 1.59 eV. In addition to the band-edge emission, a high-energy tail is present between 1.7 and 1.85 eV. This tail of the PL does not originate from high signal intensities at short time scales, as evident from different normalized spectra (see Fig. S6, (B) ). The high-energy tail appears to originate from photoluminescence of hot charge carriers, in agreement with previous reports by Zhu and Niesner et al. 16, 19 To analyze the excess energy of the states from which the high-energy photon emission occurs, we performed a spectral deconvolution based on a global fit of the spectra between -50
and 2500 ps relative to the maximum emission signal intensity. This procedure allows extraction of the excess energy with an effective carrier temperature, kBTe, based on the model proposed by
Zhu et al..
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After the initial charge carrier generation, the effective carrier temperature (compare The relaxation rate for this decay is 0.16 ± 0.01 meV/ps, which is comparable to the values previously observed by Niesner et al.. 16 For an estimate of the lifetime of the high energy photoluminescence, we compared the spectrally integrated total photoluminescence signal amplitude to the fraction of the photoluminescence signal above 1.7 eV (compare Fig. S6, C) . We fit the signal decay with a single exponential function and obtained lifetime of 94 ± 13 ps. For the photoluminescence signal probed at 1.7 eV (see Fig. S6, D) , we obtained a lifetime of 117 ± 10 ps. For comparison, the fast decay of the initial "hot" effective carrier temperatures kBTe has a half-life of ~140 ps. It should be noted that the amount of excess energy also depends on the position of the quasi Fermi levels. This increases the uncertainty of the value we determine, but not necessarily for the dynamics of the decay of the excess energy. 16, 22, 29 The very similar timescales of the decay of the high-energy photoluminescence (~ 100 -140 ps) and the bleach signal reaching completion (~ 100 ps, with a ~ 40 ps rise time) point to both effects sharing the same physical origin. The appearance of the ground state population virtually in parallel with the decay of the high-energy photoluminescence, points to direct relaxation from high-energy states to the Γ-point. If hot charge carriers underwent transient trapping while relaxing to the band edges, the band edge population would not rise as quickly as observed, but instead the buildup would take even longer. Furthermore, it is also questionable whether, in such a case, the simple three-level model would still provide an adequate description of the dynamics, as it does in our experiments. 30 We attribute the slight red-shift of the GSB after 100 ps to a (although weak) signature of a dynamic Burstein-Moss-shift. 17, 18, 23 The photon energy-dependent TA measurements allow assumptions about the origin of the hot carriers. The delayed population of the ground state can be observed for excitation above 2.6 eV, but not for excitation at 2.05 eV,
where it replicates published dynamics of perovskites films prepared from lead-chloride. 31, 32 Due to the limited probe range in our TA measurement we cannot probe the origin of the hot carriers our results validate those conclusions, but there are some notable differences between the experiments: TA measurements described above probe the bulk sample in transmission, and were carried out at room temperature, rather than being surface sensitive as 2-PPE spectroscopy and being measured at 190 K. 2-PPE also is sensitive to photoelectrons only, whereas TA probes both electrons and holes. Furthermore, a recently study by Guo et al. using spatially-resolved and pump-photon energy dependent transient absorption spectroscopy on MAPbI3 films showed a similar slow rise of the GSB signal for a pump photon energy of 3.14 eV, while it was absent for a pump photon energy of 1.68 eV in excellent agreement with our data presented in Figure 1 . 27 In fact, Guo et al. provide clear evidence for quasi-ballistic transport of hot charge carriers, which supports our conclusion that trapping effects are negligible for hot carriers excited with pump photon energies above 2.6 eV.
The high-energy photoluminescence also originates from the hot carrier population. The exact mechanism of the high-energy photoluminescence itself is still under debate. Wehrenfennig et al.
have proposed dynamic spectral broadening due to carrier-phonon interaction. Different mechanisms could contribute to the rise of the GSB, including interband relaxation from a higher-lying conduction band to the lowest-energy conduction band and/or intervalley scattering. 3, 16, 20, 25 To better understand the origin of the various hot carrier processes, additional experiments are clearly required; specifically, the question whether polarons, as proposed by Zhu et al. 35 are responsible for the low carrier scattering rates or whether a proposed spin-split indirect band gap can explain the remarkable hot carrier properties.
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CONCLUSIONS
In conclusion, we report high-energy photoluminescence and long-lived hot charge carriers in polycrystalline solution-processed MAPbI3(Cl) films similar to previous reports on co-evaporated MAPbI3 and MAPbBr3 single crystals. 16, 19 Our results suggest that the high-energy photoluminescence, which exhibits an excess energy of up to 0.15 eV, is correlated with a delayed population of the band edges with charge carriers after excitation with a photon energy larger than 2.6 eV. The similar timescales of the hot carrier relaxation and the increased population of the band edges indicate a direct depopulation of hot states without transient trapping of charge carriers during the cooling process.
SUPPORTING INFORMATION
Optical characterization and SEM of MAPbI3(Cl), additional transient absorption and photoluminescence measurements.
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